The gut microbiome plays important roles in the regulation of gastrointestinal tract functional development and host mucosal immune maturation. This study was conducted to test the hypothesis that age and feeding system (supplemental feeding [Sup] vs. grazing [G]) could alter colonic bacterial diversity and host mucosal immune maturation. Thirty Liuyang black goat kids (n = 4) were slaughtered on d 0, d 7 (nonrumination), d 28, d 42 (transition), and d 70 (rumination). The colonic microbiota was profiled by Miseq sequencing of the 16S rRNA gene. Host colonic mucosal immune maturation was examined using mRNA level expression of Toll-like receptors (TLR), proinflammatory cytokines, and the Toll-IL-1R (TIR) domain-containing adaptor. A correlation analysis was conducted to elucidate the relationship between bacterial diversity and fermentation parameters and host immune maturation variables. The results showed that α diversity indexes (P < 0.05), abundances of genera 57N15 (P = 0.003) and rc44 (P = 0.024), TLR4 (P = 0.004), and IL6 (P = 0.046) mRNA expressions were lower for Sup than for G, whereas the abundance of genera Bacteroides and Desulfovibrio (P < 0.05) was greater for Sup than for G. Regardless of the feeding system, bacterial 16S rRNA gene copy number and α diversity indexes increased (P < 0.05), whereas Proteobacteria abundance decreased linearly from d 0 to 70 after birth (P = 0.026). At the genus level, 02d06 dominated the first week and declined sharply afterward, whereas Lactobacillus abundance was greatest on d 7. Escherichia abundance decreased linearly (P = 0.021), whereas abundances of Anaerostipes, Coprococcus, Oscillospira, rc44, and Dorea increased with age (P < 0.05). These findings coincided with increased TLR2, TLR4, and myeloid differentiation factor 88 (MYD88) mRNA expressions with age (P < 0.05). Finally, correlation analysis revealed that different genera participated in different roles in fermentation capacity and host mucosal immune maturation. Collectively, colonic bacterial diversity and host mucosal immune maturation are age related, and concentrate supplement could alter bacterial diversity and alleviate overinflammation responses.
iNTroDucTioN
Bacterial numbers in the steer and goat colon usually reach as high as 10 10 cells per gram of digesta (Kern et al., 1974; Jiao et al., 2014b) , and their fiberdegrading activities can account for 13% of total cellulose digested per day (Gray, 1947) . Moreover, the colonic microbiome plays indispensable roles in modulating host immune maturation. Pattern recognition receptors in intestinal mucosal tissue, such as toll-like receptors (TLr), can recognize highly conserved microbial molecules and their products, thus initiating the proinflammatory and anti-inflammatory pathways (Kawai and Akira, 2010) . In the dairy calf colon, bacterial diversity has been reported to be correlated with TLR expression (Malmuthuge et al., 2012) .
Animal development processes can be divided into periods of nonrumination (0 to 3 wk), transition (3 to 8 wk), and rumination (8 wk and older; Wardrop and Coombe, 1960) . Intestinal microbial succession during these 3 phases can influence the development of neonatal nutrient metabolism and the immune system (Ley et al., 2008; . Supplemental feeding (sup) and grazing (G) are 2 primary feeding systems in ruminant husbandry (Haenlein, 2001 ). Through quantitative real-time PCR, our previous study suggested that variations in age and feeding system can regulate the proportion of functional bacterial species (<1% of total bacteria) and fermentation capacity (microbial products) in the goat hindgut (Jiao et al., 2015) . On this premise, we herein hypothesize that age and feeding system could modulate the colonic bacterial diversity and further affect the host mucosal immune maturation process. To test this hypothesis, we thereby characterize the colonic bacterial diversity through Miseq (Illumina, San Diego, CA) sequencing of 16S rRNA genes from samples collected at 5 time points during colon development. In parallel, we examine host mucosal immune maturation using mRNA level expression of TLR, proinflammatory cytokines, and the Toll-IL-1R (Tir) domaincontaining adaptor, which play an indispensable role in modulating immune maturation process.
mATeriALs AND meTHoDs

Animals, Diets, and Management
This is a companion study conducted using samples collected from 30 goat kids used in our previous study (Jiao et al., 2015) . The use of animals, including welfare, husbandry, experimental procedures, and collection of the colonic samples, was approved by the Animal Care Committee, Institute of Subtropical Agriculture, Chinese Academy of Sciences (Changsha, China).
Sixty local does (Liuyang black goats, 2.0 ± 0.3 yr, 25.0 ± 1.0 kg BW) at d 30 of gestation were obtained from the Liuyang Black Goat Reproduction Centre (Liu Yang, Hunan Province, China) , from which 32 pregnant does carrying 1 kid (pregnancy examination by ultrasound on d 60 of gestation) were used in this study. The selected pregnant does were housed individually in stainless-steel pens (1.2 × 0.91 m, bedded with straw) located within an indoor animal facility with an average temperature of 24°C ± 1°C and natural lighting. They grazed for 6 h daily on a 5-ha hillside fresh-grass pasture and were provided with concentrate (including micronutrients such as minerals and vitamins) to meet the energy, protein, and mineral requirements of the does.
The 32 kids (1.35 ± 0.11 kg at birth) were ear tagged and weighed immediately after birth and individually reared together with their mothers in pens until weaning on d 40. Five time points were selected to represent the sequential process of animal development: d 0 and 7 (nonrumination phase), d 28 and 42 (transition phase), and d 70 (rumination phase). After giving birth, the 32 does were grazed on pasture for 6 h/d and returned to their individual pens during nighttime. From birth to d 20, the suckling kids remained in the pens all the time and did not receive any supplementation. On both d 0 and 7, 4 kids were slaughtered. The remaining 24 kids were randomly assigned to 2 groups (12 herds/group) for Sup and G. In the Sup group, from d 20 to 40, the suckling kids were provided individually with a mixture of concentrate (0.12 kg DM) and forage (0.04 kg DM) at 0900 and 1700 h by insulating does by steel fences. About 10% orts of concentrate and forage were observed from d 37 to 40. After weaning on d 40, the kids were separated from their mothers, were individually placed in pens, and were daily offered a concentrate (0.17 kg DM/meal) and forage (0.06 kg DM/meal) twice at 0900 and 1700 h until d 70. About 10% orts of concentrate and forage were observed from d 67 to 70. The concentrate (per kg DM basis) was composed of 74.1 g whey powder, 211 g corn flour, 320 g soybean meal, 65 g fish meal, 220 g fat powder, 51 g milk powder, O, 95, 000 IU vitamin A, 17, 500 IU vitamin D, and 18, 000 IU vitamin E) . The forage was suncured hay harvested from the same pasture as grazed by the G group and contained mainly twitch grass (dominant), ryegrass, and clover. In the G group, from d 20 to 40, the suckling kids grazed on pasture with their mothers for 6 h daily. After weaning on d 40, the kids were separated from their mothers, placed in individual pens, and grazed 6 h daily on pasture until d 70. The grazing time was from 0830 to 1130 and 1430 to 1730 h. Four kids in each group were anesthetized with an intravenous injection of sodium pentobarbital (50 mg/kg BW) and killed before feeding in the mornings on d 28, 42, and 70 after birth. Animals had free access to mineral and vitamin mixture (the same premix supplied to Sup kids) in feeders located near the water source in pasture. All kids had free access to clean water throughout the entire experimental period.
Sampling Procedures
After the kids were slaughtered, the colonic digesta samples (about 200 mg) were taken from the same site of mucosal tissue collection and stored at −80°C for further DNA extraction and molecular analysis of microbiota. The colonic mucosal tissue samples were collected and rinsed 3 times with PBS (pH = 7.4, 0.2 mM) to remove digesta, cut into 5-mm 2 fragments, frozen in liquid nitrogen, and stored at −80°C.
Four samples from each group were prepared at each time point. However, 1 sample from both groups on d 7 and 1 sample from the Sup group on d 28 were damaged during preparation and were omitted from further processing analysis, resulting in 3 samples for the respective treatment groups on the abovementioned sampling dates.
DNA Extraction and Quantitative PCR of Total Bacteria
The colonic digesta samples were extracted for DNA testing using the QIAamp DNA Stool Mini kit (QiagenGmbH, Hilden, Germany) and quantified using a NanoDrop ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). The copy numbers of total bacteria were quantified using the forward primer 5′-CGGCAACGAGCGCAACCC-3′ and reverse primer 5′-CCATTGTAGCACGTGTGTAGCC-3′ outlined by Denman and McSweeney (2006) and following the qPCR procedures detailed previously (Jiao et al., 2014a) . Standard curves were constructed using serial 10-fold dilutions of plasmid DNA containing bacteria 16S rRNA genes. The copy numbers of standard curves were calculated on the basis of the formula (N L × A × 10 9 )/(660 × n), where N L is Avogadro's constant (6.02 × 10 23 molecules/mol), A is the molecular weight of the molecule in standard, and n is the amplicon length (bp). The quantitative mean of copy number (m Q ) was determined by relating the cycle threshold value to the standard curves. The final absolute bacteria copy numbers per gram of colon digesta were calculated using the formula (M Q × C × V D )/(S × V), where C is the DNA concentration of each sample, V D is the dilution volume of extracted DNA, S is the DNA amount (ng) subjected to analysis, and V is the amount of colon digesta subjected to DNA extraction.
Miseq Sequencing and Data Analysis
The PCR was conducted to amplify the V2 and V3 regions of the bacterial 16S rRNA gene using universal primer 104F (5′-NNNNNN GGCGV-ACGGGTGAGTAA-3′) and 530R (5′-CCG CNG CNG-CTGGCAC-3′; Hristov et al., 2012) . The forward primer contained 6 base barcode sequences (italicized poly-N section of primer above) at the 5′ terminus, and all barcodes are shown in Table S1 . The PCR reactions (50 μL) contained 30-ng DNA template, 5 μL of 10 × Pfx amplification buffer, 2 μL of 10 mM dNTP mixture, 2 μL of 50 mM MgSO 4 , 1 μL of Platinum Pfx DNA Polymerase, 0.25 μL of BSA (20 mg/mL), and 2 μL of each primer (10 uM; Invitrogen, Life Sciences, Invitrogen, Carlsbad, CA). Polymerase chain reaction was performed under the following conditions: 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 45 s and a final elongation step of 72°C for 10 min. The PCR products were purified using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). Barcoded amplicons were mixed at equal molar rations and submitted to Illumina paired-end library preparation, cluster generation, and 300 bp pair-end sequencing on an Illumina MiSeq PE300 instrument (Illumina, San Diego, CA).
Data quality control and analyses were conducted using QIIME (Caporaso et al., 2010) and Mothur (Schloss et al., 2009) pipelines. First, reads were assigned to their designated colonic samples (Table S2) , and then lengthbased filtering and read quality filtering were performed. Second, pair-end read sequences that overlap more than >10% and those with <10% mismatch were assembled according to their overlap sequence using Connecting Overlapped Pair-End (cope; Liu et al., 2012) . Third, the assembled sequences were trimmed of primers, assigned to operational taxonomic units (oTu) at 97% identity threshold using UPASE (Edgar, 2013) . Chimeric OTU were removed from the analysis using UCHIME (Edgar et al., 2011) . Taxonomy was assigned using the Mothurbased implementation of the RDP Bayesian classifier with a 0.80 confidence threshold, against the latest Greengenes database (Greengenes May 2013 release; DeSantis et al., 2006) . Sequence alignment was performed using PyNAST, and a phylogenetic tree was constructed using FastTree (Price et al., 2009 ). The taxonomic identification and comparisons were performed at the phylum and genus levels. Alpha diversity was examined using diversity indices (observed species, Chao1, ACE, and Shannon and Simpson index) using the α rarefaction pipeline at a sequence depth of 11,000. Principal coordinate analysis (pcoA) was performed using the Bray-Curtis distance. A transformation-based principal components analysis (tb-pcA) using the Hellinger distance (Legendre and Gallagher, 2001 ) was used to ordinate the samples on the basis of OTU abundance data. Only the top 10 OTU for which variation of abundance contributed most to the clustering obtained from the tb-PCA were selected and represented in the tb-PCA.
RNA Extraction and Gene Expression
Total RNA was extracted from the colonic mucosa tissue samples using the TRIzol reagent (Invitrogen, Carlsbad, CA). The RNA was quantified using an ND1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE), and the integrity was evaluated using 1% agarose gel electrophoresis. The extracted RNA was reversely transcribed using the First Strand cDNA Synthesis Kit (Toyobo, Osaka, Japan). The cDNA samples were stored at −20°C until use.
The mRNA expression of the TLR (TLR2 and TLR4), inflammatory cytokine (IL6), and TIR domain-containing adaptor (myeloid differentiation factor 88, MYD88) in the colonic mucosa tissues was evaluated by real-time PCR analysis using the gene-specific primer pairs (Table S2) relative to β-actin expression. β-Actin was selected as the reference gene because Ct values for β-actin in all samples were detected within a narrow range (16.0 ± 0.4, from 15.5 to 16.3), and they were not significantly altered by age, feeding system, and their interactions. The real-time PCR was performed using the SYBR Premix Ex Taq II (Tli RNaseH Plus) detection kit (Takara, Kusatsu, Japan). Reactions were conducted in the ABI 7900 Sequence Detection System using the SYBR Green 2-step PCR protocol. The Takara cycling parameters were as follows: 95°C for 30 s and then cycled at 95°C for 5 s and 60°C for 30 s for 40 cycles of amplification. The melt curve began at 60°C, and the temperature was increased by 0.5°C every 10 s. The temperature was increased 70 times to 95°C, and fluorescence data were collected at each temperature. Melting peak analysis showed that there were no primer dimers and nonspecific products, and only a single peak was visible in the melting peak chart. The relative expression ratio of mRNA was calculated by R = 2 -ΔΔCt .
Statistical Analysis
A power test using GPower software (version 3.1, Faul et al., 2007 ) was performed on the major bacteria phyla (Bacteroidetes, Firmicutes, and Proteobacteria) and genera (Bacteroides, 02d06, and Escherichia), colonic gene expressions, and kids' live weight gain. The results showed that the within-group variation is low, with 4 replicates reaching a power >0.80 when comparing 2 treatments.
The effect of the feeding system (Sup vs. G) was examined from d 28 to 70 because kids were randomly divided into Sup and G groups after d 20. Data were analyzed according to the MIXED procedures of SAS (SAS Inst. Inc., Cary, NC) with a model that included the fixed effects of feeding system, age, and feeding system × age interaction. Individual animal was the experimental unit, and Tukey's test was used to compare least squares means.
The effect of age on colonic bacterial diversity and host colonic mucosal immune maturation variables in the Sup and G groups was evaluated from d 0 to 70. The MIXED procedure of SAS and Tukey's test to compare least squares means were used, with age as the fixed effect and individual animal as the experimental unit. Orthogonal contrasts were performed to assess linear and quadratic effects of age. If the interaction of feeding system × age between d 28 and 70 was not significant, the linear and quadratic effect of age was assessed using combined data of both groups. All data were presented as least squares means, and significance was declared when P < 0.05.
Spearman's rank correlations (n = 30) between the colonic digesta bacterial community (MiSeq relative abundance) and functional variables (fermentation parameters and host colonic immune maturation variables) were analyzed using the PROC CORR procedure of SAS. Only bacterial groups that represented >1% of the total community in at least 1 sample and that were detected in >50% of the colonic digesta samples were included in the analysis. They were regarded as correlated with each other if their correlation coefficient r > 0.40 or r < −0.40. 
Nucleotide Sequence Accession Numbers
Sequencing data in this study were deposited in the National Center for Biotechnology Information (NcBi) Sequence Read Archive (srA) under accession numbers SRR2591055 to SRR2591063, SRR2591085, SRR2606405 to SRR2606414, and SRR2606418 to SRR2606427.
resuLTs
Kids in both groups had the same BW at birth (1.35 ± 0.11 kg) and similar (P > 0.05) BW at 70 d of age (7.43 ± 0.81 vs. 7.61 ± 0.30 kg). The live weight of kids in both groups increased quadratically (P = 0.038) over the 70-d experimental period.
Total Bacteria 16S rRNA Gene Copy Numbers
There was no interaction effect of feeding system × age (P = 0.621) and feeding system (P = 0.093) on total bacteria 16S rRNA gene copy number (Table 1) . Total bacteria 16S rRNA gene copy number increased quadratically between d 0 and 70.
Alpha Diversity and Taxonomic Composition of Colonic Bacteria Community
The OTU rarefaction curves of the colonic digesta bacterial community showed that the sampling effort was sufficient to estimate bacterial diversity in the samples (Fig. S1 ). Alpha diversity indexes (Table 2) indicated that feeding system and age interaction affected OTU number (P = 0.025) and Chao (P = 0.036), Shannon (P = 0.001), and Simpson (P = 0.009) indexes but did not exert predominant effects (P > 0.05) on the ACE index and coverage. The Chao index was greater (P < 0.001), whereas coverage (P < 0.001) was lower, for G than for Sup. Irrespective of the feeding system, ACE increased linearly (P < 0.001), whereas coverage declined linearly with age (P < 0.001). The OTU number and Chao and Shannon indexes increased linearly (P < 0.001) in Sup kids and quadratically (P < 0.001) in G kids. In contrast, the Simpson index decreased linearly in Sup kids (P = 0.013) and quadratically (P = 0.028) in G kids with age.
At the phylum level, 22 phyla were identified, in which the abundances of 13 phyla in all samples were <0.5% (Table 3 ). The Proteobacteria, Firmicutes, and Bacteroidetes were detected as the dominant phyla regardless of the age and feeding system. Feeding system and age interactions exerted predominant effects (P < 0.01) on Bacteroidetes and Firmicutes abundances. Irrespective of feeding system, abundances of Actinobacteria, Cyanobacteria, and TM7 increased linearly (P < 0.05), whereas Proteobacteria abundance declined linearly with age (P = 0.026) from d 0 to 70. Bacteroidetes abundance peaked at 55.49% (d 28) and 29.62% (d 0) in Sup and G kids, respectively. Firmicutes abundance peaked at 75.08% (d 42) in Sup kids but increased linearly with age in G kids (P = 0.008). In both Sup and G kids, Spirochaetes, Tenericutes, and Verrucomicrobia were not detected on d 0, whereas their abundances were relatively high (0.98% to 3.78%) on d 42 and 70.
A high proportion of sequences (ranging from 9.31% to 76.17%) remained unclassified at the genus level (Table 4 ). There were feeding system and age interactions on abundances of Streptococcus (P = 0.009) and Campylobacter (P = 0.013). When compared with Sup kids, the G kids had greater abundances of 57N15 (P = 0.003) and rc44 (P = 0.024) but lower abundanc- es of Bacteroides (P = 0.002) and Desulfovibrio (P = 0.028). Within the Bacteroidetes phylum, the 57N15 genus abundances in both groups were increased linearly (P = 0.035) with age, whereas Bacteroides abundance in Sup and G kids peaked at 40.08% (d 42) and 29.60% (d 0), respectively. Irrespective of the feeding system, the greatest abundances of Butyricimonas and Prevotella were observed on d 28 and 70, respectively. Within the Firmicutes phylum, the abundances of Anaerostipes (P = 0.047), Coprococcus (P = 0.007), Oscillospira (P = 0.022), and rc44 (P = 0.001) increased linearly, Dorea abundance increased quadratically (P = 0.048), but Clostridium abundance decreased linearly (P = 0.042) from d 0 to 70 for both groups. Genus 02d06 dominated the first week (>20%), and its abundance declined dramatically afterward. Regardless of the feeding system, abundances of Butyricicoccus and Lactobacillus peaked on d 7, whereas abundances of Eubacterium and Roseburia were lowest on d 7. The Ruminococcus genus in Sup and G kids peaked at 14.16% (d 70) and 2.22% (d 70), respectively. Abundances of Streptococcus quadratically increased (P = 0.018) in Sup kids but not in G kids (P > 0.05) between d 0 and 70. Within the Proteobacteria phylum, irrespective of feeding system, Desulfovibrio abundance increased quadratically (P = 0.023), whereas Escherichia abundance declined linearly (P = 0.021) from d 0 to 70. Campylobacter abundance increased linearly (P = 0.027) in Sup kids but decreased quadratically (P = 0.011) in G kids with age. In the Spirochaetes phylum, the Treponema genus was detected only on d 70 (0.97%) in Sup kids, whereas its abundance peaked at 0.08% (d 42) in G kids. In the Verrucomicrobia phylum, the Akkermansia genus abundance peaked at 4.83% and 7.40% in Sup and G kids, respectively.
OTU Diversity and Similarity Analysis
As reflected by PCoA using the Bray-Curtis similarity metric, samples clustered according to age group, with bacterial diversity of d 0 and 7 generally positioned away from d 28, 42, and 70 (Fig. 1 ). There was a clear separation of colonic bacterial profiles between the Sup and G groups.
Ten dominant OTU were identified that contributed to the separation of the colonic bacterial community (Fig. 2) . The 4 dominant OTU that separated samples on d 0 and 7 from others were identified as the genera Escherichia, 02d06, and Bacteroides. Three OTU identified as the Lachnospiraceae family separated Sup from G kids. Likewise, the 4 OTU contributing to the separation of grazing kids from others displayed high identity to Bacteroides spp. and Ruminococcus spp.
mRNA Level Expression of Host Colonic Mucosal Immune Maturation
Feeding system and age interactions exerted the predominant effects on the mRNA expression of TLR2 (P = 0.027) and MYD88 (P = 0.002; Table 5 ). Toll-like receptor 4 (P = 0.004) and IL6 (P = 0.046) mRNA expressions were downregulated by Sup treatment. Tolllike receptor 2 (P = 0.001) and MYD88 (P = 0.005) mRNA expression increased linearly in Sup kids and increased quadratically (P < 0.01) in G kids from d 0 to 70. Whatever the feeding system, TLR4 mRNA expression increased linearly with age (P = 0.013). In contrast, the lowest IL6 mRNA expression in both groups of kids was detected at 28 d.
Relationship between Bacterial Community and Functional Variables
Data for fermentation parameters (VFA and enzyme activities) are from our previous work (Jiao et al., 2015) . Total VFA concentration was positively (r > 0.40, P < 0.05) correlated with abundances of Bacteroides and Clostridium but negatively (r = −0.41, P < 0.05) correlated with Ruminococcus abundance (Table 6 ). Acetate molar proportion was positively (r = 0.47, P < 0.05) correlated with total bacteria copy number but negatively (r < −0.40, P < 0.05) correlated with abundances of Bacteroides, 02d06, Clostridium, Streptococcus, and Escherichia. Butyrate molar proportion was positively (r = 0.73, P < 0.01) correlated with Bacteroides abundance. The ratio of acetate to propionate was negatively (r < −0.40, P < 0.05) correlated with abundances of 02d06 and Escherichia. Amylase activity was negatively (r = −0.49, P < 0.05) correlated with 02d06 abundance, whereas carboxymethylcellulase and xylanase activities were positively (r > 0.40, P < 0.05) correlated with Roseburia abundance.
For host colonic mucosal immune maturation, TLR2 mRNA expression was positively (r > 0.40, P < 0.05) correlated with total bacteria copy number and abundances of the genera 57N15, Parabacteroides, Prevotella, Dorea, Oscillospira, Roseburia, Rumino coccus, and Campylobacter but negatively (r = −0.49, P < 0.01) correlated with Escherichia abundance (Table 7) . Toll-like receptor 4 mRNA expression was positively (r > 0.40, P < 0.05) correlated with abundances of the genera 57N15, Oscillospira, Roseburia, and Campylobacter. Interleukin 6 mRNA expression was negatively (r = −0.45, P < 0.05) correlated with Parabacteroides abundance, and MYD88 mRNA expression was negatively (r = −0.43, P < 0.05) correlated with Dorea abundance.
DiscussioN
Recent advances in technology to identify microbes using next-generation sequencing offer exciting opportunities to better evaluate the complex cross talk between the microbiota and host (Vanwonterghem et al., 2014) . The microbiota composition in the colon is more dense and diverse compared to that in the small intestine (Jiao et al., 2014a) , and there is a regional specialization within intestinal fermentation capacity and immune system (Mowat and Agace, 2014 ). In the current study, we obtained 47,919 sequences on average for each sample with good coverage (>0.98). Quantitative PCR can detect only specific functional bacterial species that were in low abundance (Jiao et al., 2015) . In contrast, Miseq sequencing of 16S rRNA genes can provide comprehensive and systematic information about colonic bacterial diversity. To our knowledge, this is the first research illustrating the relationship between colonic microbiota and host mucosal immune maturation during the development process of goats.
The most remarkable variation in the 2 feeding systems is that concentrate (especially energy and protein) was supplemented in Sup kids but not G kids. Similar growth rates of kids in the Sup and G groups indicated that kids in both groups had similar nutrient intake. Total bacterial copy number was not impacted by feeding system in this study, which is consistent with previous findings that the goat colonic total bacteria number was similar among diets containing 0%, 30%, and 60% coarsely ground barley grain (Metzler-Zebeli et al., 2013) . Nonetheless, this study showed that colonic bacterial community was more diverse in G kids than in Sup kids. Similarly, in cattle, ruminal bacterial OTU diversity was higher in a forage-fed diet vs. a high-grain diet (Petri et al., 2013) . Furthermore, a higher abundance of the Bacteroidetes phylum and Bacteroides genus and a lower abundance of the Firmicutes phylum were observed in Sup kids compared to G kids, which is consistent with the findings in the rumen digesta of cattle (Fernando et al., 2010) and Mehshana buffalo (Pitta et al., 2014) . The PCoA analysis also confirmed that feeding system was an indispensable determinant factor of regulating microbial structure. In the goat colon, our previous observations revealed that total VFA concentration and carbohydrate-degrading enzymes were augmented when concentrate solid starter was offered (Jiao et al., 2015) . Collectively, it would be reasonable to speculate that the variation in colon fermentation capacity between supplemental feeding and grazing was derived from the variation in bacterial diversity rather than from differences in bacterial density. Toll-like receptor 4 signaling was depressed in Sup kids compared to G kids. Toll-like receptor 4 is involved in the recognition of bacterial lipopolysaccharide, thereby inducing the release of proinflammatory cytokines (Akira et al., 2001) . Moreover, our previous study revealed more butyrate was produced during microbial fermentation in Sup kids than in G kids (Jiao et al., 2015) . The increased butyrate proportion could decrease proinflammatory cytokine expression via inhibition of nuclear factor kappa B activation (Segain et al., 2000; Jiao et al., 2015) . Thus, it was not surprising to uncover inhibited expression of IL6 in Sup goats. This information suggests that concentrate supplementation to kid ruminants could potentially alleviate overinflammation responses of colonic mucosal tissue.
The age-related bacterial colonization process exerts predominant roles in modulating host mucosal inflammatory and tolerance immune responses. For instance, compared to colonized animals, germ-free mice have poorly developed Peyer's patches, as well as a reduced number of CD4+ T cells and B cells in the gut lamina propria (Macpherson et al., 2001; Macpherson and Harris, 2004) . The intestinal mucosa is in intimate contact with both commensal and pathogenic microbes and antigens (Thomas and Ockhuizen, 2012) . Through various regulatory adaptations in the cross talk between the commensal bacteria, intestinal epithelial cells, and immune cells of the gastrointestinal tract, the intestinal immune system can maintain a homeostatic balance (Muniz et al., 2012) . In this study, during animal development, TLR2 and TLR4 mRNA expressions were upregulated by age. In contrast, downregulation of TLR2 and upregulation of TLR4 mRNA expressions were observed in the colon of 6-mo-old vs. 3-wk-old calves (Malmuthuge et al., 2012) . The discrepancies between these 2 trials might be due to the variations in animal species, ages, diets, and environmental conditions. Coinciding with the enhanced TLR mRNA expression, an increase in MYD88 mRNA expression was observed in this study. Myeloid differentiation factor 88 is an important TIR domain-containing adaptor during TLR activation (Kawai and Akira, 2010) , and our results suggests recognition of microbial components by TLR in the goat colon was possibly through an MYD88-dependent pathway.
Microorganisms colonized rapidly during the first week, and bacterial abundance and diversity increased with age, indicating a remarkable change in the gut environment (Jami et al., 2013) . The changes in the VFA profile and enzyme activity over age have confirmed this assumption (Jiao et al., 2015) . Whether at the phylum or genus level, a high proportion of bacteria existed in all age phases, representing a core microbiome in the goat colon. Escherichia dominated on the day of birth but declined drastically on d 7. By contrast, Lactobacillus surged in abundance during the first week, similar to findings in the human intestine (Walter, 2008) , whereas the genus 02d06 was dominant during the first week. Some commensal strains of E. coli can reduce the intestinal epithelial inflammatory signaling in vitro (Collier-Hyams et al., 2005) , whereas some enteroinvasive E. coli can infect host cells by expressing specific adhesins or invasins (Kalita et al., 2014) . Our results showed a negative correlation between TLR2 mRNA expression and Escherichia abundance. Moreover, lactobacilli, as part of the natural probiotic microbiota, can provide important stimuli to the innate immune system and mediate immune homeostasis (van Baarlen et al., 2013) . Therefore, the elevated mucosal immune parameters measured on d 7 may partially be due to the surge in lactobacilli abundance.
After solid feed was offered, a drastic change in bacterial profile was observed, as reflected by the PCoA profile. An enhanced population of Bacteroidetes in Sup kids and decreased population in G kids were observed on d 28, implying variation in responses to different feeding systems. Members of Bacteroidetes can produce mucin-degrading enzymes and consume mucus glycans, resulting in an intimate interaction between the microbiota and host enterocytes to protect against inflammation (Troy and Kasper, 2010) . Bacteroidetes abundance was positively correlated with VFA production, indicating this genus might participate in colonic VFA metabolism, thereby providing energy and nutrients to the host (Pogribna et al., 2008) . Some strains of the Akkermansia genus have been reported to produce mucus-degrading enzymes and are in high abundance in healthy human mucosa (Derrien et al., 2004) . In our study, Akkermansia abundance declined drastically on d 28, then increased to high values afterward. One explanation for this phenomenon might be the change in the colon microenvironment, and this genus might account for the decreased proinflammatory cytokine IL6 mRNA expression to a certain degree on d 28 (Derrien et al., 2004) . Weaning can lead to important adaption in the gut because of abrupt changes in dietary and environmental factors. Weaning in piglets is associated with an early and transient upregulation of expression for inflammatory cytokines in the intestines (Pie et al., 2004) . Similarly, in our study, it is noteworthy that an elevated mRNA expression of IL6 on d 42 was observed in grazing goats. Simultaneously, Parabacteroides genus abundance declined drastically on d 42 in G kids and was negatively correlated with IL6 mRNA expression. Species of this genus represent opportunistic pathogens (Awadel-Kariem et al., 2010) , and our finding indicated that it might also participate in host mucosal immune maturation. However, the finding is inconsistent with that for Sup kids, implying variation in immune responses between different feeding systems. At 70 d, enhanced populations of Prevotella, Ruminococcus, and Oscillospira were detected. The former 2 genera have been declared to be core microbiota in goat gastrointestinal tracts and are involved in carbohydrate digestion (Jiao et al., 2014a) , and a correlation analysis implied that they were active in regulating the TLR2 signaling pathway. The abundance of Oscillospira represented approximately 3% of total bacteria, within the range in the rumen digesta (Mackie et al., 2003) . Despite the fact that Oscillospira specific functional role still remains unclear, the positive correlation between its abundance and TLR2 and TLR4 mRNA expression suggests it might take part in the host immune maturation process.
In conclusion, concentrate supplementation changed the colonic digesta microbiota and led to decreased IL6 mRNA expression in Sup kids. Furthermore, during the animal development process, colonic bacterial number and diversity increased with age, and bacterial composition varied among ages. These changes were associated with the activation of TLR signaling through an MYD88-dependent pathway and the expression of cytokines. These results indicate that nutrient supply during the early stage of ruminant development is helpful to improve intestinal health. Future studies are needed to investigate the actual role of specific bacterial species in modulating host mucosal immune maturation. 
LiTerATrure ciTeD
